The strategy to isolate the cDNA for the mitochondrial HMG-CoA synthase was the following: we hypothesized that if the mitochondrial and cytosolic catalytic sites were nearly identical, the similarity in nucleotides in the 5' region would be high. On the other hand the most 3' translated region would probably be non-homologous in nucleotides, as the antibodies raised against a C-terminal peptide of the cytosolic protein did not recognize the mitochondrial protein. Accordingly, we prepared two restriction fragments of the cytosolic HMGCoA synthase cDNA, which were used as probes. Fragment HindIII-PstI of 496 base pairs (which contained the catalytic site) was probe 1 and fragment PstI-Hind111 of 1500 nucleotides (which contained the untranslated 3' region) was probe 2.
Those cDNA clones that hybridized with probe 2 alone would theoretically be truncated cytosolic, those hybridizing with probes 1 and 2 would be full-length cytosolic and those hybridizing with probe 1 alone would be considered as full-length mitochondrial molecules. We isolated 28 clones and the longest was sequenced. The full-length transcript spans 1994 nucleotides, which closely agrees with the mRNA size of 2.0kb estimated by Northern blot analysis [ 51. The transcript contains a 49-nucleotide upstream non-coding sequence preceding the first AUG codon which starts an open reading frame of 1524 bases. Rat mitochondrial HMG-CoA synthase encodes a protein of 508 amino acids with a molecular mass of 56918Da. The N-terminal end of the primary translation product shows a sequence of 37 amino acids that is absent in the cytosolic enzyme. Its amino acid composition is in agreement with the general composition given for leader peptides that translocate cytosolic synthesized proteins into mitochondria. Figure 1 shows all full-length cDNAs of the HMG-CoA synthases published so far; our group has cloned five out of eight: the mitochondrial cDNAs from rat [5] and human [6] ; and the cytosolic, from rat [7] , and the two isoforms from the cockroach BlatteUa gemzanku [8, 9] Other sequences related to hormonal recognition sites were also observed: cyclic AMPresponse element (CRE) and activator protein-2 (AP-2), which mediate the cyclic AMP response, GRE (glucocorticoid-responsive elements) and IRS (insulin-responsive sequence), and suggesting multihormonal regulation of gene transcription.
Immunoelectron microscopy using specific antibodies on cryo-ultrathin hepatic sections confirms the mitochondrial localization of mitochondrial HMG-CoA synthase in hepatocytes. Immunofluorescence microscopy on frozen sections of adult rat liver revealed fluorescence inside all hepatocytes, with no evidence of zonation, indicating that ketogenesis may not be limited to specific regions of rat liver but is extended to all hepatocytes [ 131.
It is well known from the work of Williamson and Whitelaw [14] and others that ketone body synthesis is increased by fasting, fat feeding and diabetes and decreased by refeeding and insulin injection. T o find out whether the control of ketone body synthesis by these effectors was performed in the expression of mitochondrial HMG-CoA synthase, a systematic study on expression was then carried out. The influence of fasting condition is shown in Figure 2 [15]. Starvation for 24h increased the mRNA levels 4-fold. An additional period of 24 h increased the expression by 10%. Refeeding of fasted rats produced a quick decrease in mRNA expression. Western blot experiments showed that similar changes were observed in the amount of synthase protein [ 161.
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The influence of fastinglrefeeding on mRNA expression suggested that glucagon or cyclic AMP might be involved in controlling expression. When rats were intraperitoneally injected with dibutyryl cyclic AMP we observed that in 60 min the expression of mitochondrial synthase rose by 225% [15] . Immunoblot analysis showed similar increases in the synthase protein with cyclic AMP [ 161. We then investigated the influence of insulin on the expression in fasted rats. Results show that in 60 min there was a sudden decrease (3.5-fold) in mRNA expression, reaching levels similar to control fed rats [ 151. Analysis of the mitochondrial HMG-CoA synthase protein by Western blot revealed a similar pattern to that of mRNA levels [ 161.
Diabetes is another state in which ketone body concentrations rise sharply. Accordingly rats were made diabetic by injection of streptozotocin and total RNA from their livers was prepared at different days after the injection. There was a great increase, which was time-dependent, in the mitochondrial HMG-CoA synthase mRNA levels compared with the basal values found in normal rats [ 151. Insulin, which is able to reverse the effects of diabetes on ketone body concentrations, also reduced the expression of the mitochondrial HMGCoA synthase gene by 50% when injected for 1 day in diabetic rats. Western blots of the same animals showed that synthase protein was also increased in diabetic animals and decreased in these animals under the action of insulin [ 161. It appears that starvation and diabetes increase the transcription levels while insulin decreases them, suggesting that the transcriptional rate of HMG-CoA synthase is an important control point of ketogenesis in adult liver.
It is well known that a fat diet increases the synthesis of ketone bodies. To test whether such a diet may regulate the transcription of the mitochondrial synthase, rats were fed with a diet composed of 40% saturated fat for 3 weeks, their livers were removed and levels of HMG-CoA synthase mRNA levels were measured. The results show that there is a net increase in mRNA by a factor of three [15] . T o study how the promoter controls the expression of mitochondrial HMG-CoA synthase by different nutritional effectors, we prepared a set of transgenic mice. The mitochondrial (mt) HMGCoA synthase-human growth hormone (hGH) chimeric gene used to obtain transgenic mice is formed by 1148bp of the promoter for mtHMGCoA synthase and the hGH gene. Subsequently, this chimeric gene was introduced into the mouse genome to create the transgenic mice. The copy number of the transgene in the positive female mouse was determined by dot blot analysis. The founder and the first generation offspring indicated that the mtHMG-CoA synthase-hGH gene was integrated in two copies per haploid genome (F. G. Hegardt, unpublished work) . Matings between two heterozygous animals which were offspring of the founder female resulted in the death of the total progeny within a few days after birth, some of which were eaten by the mother.
Marked alterations in the level of expression of the chimeric mtHMG-CoA synthase-hGH gene in these animals were caused by dietary conditions which were chosen so that they would lead to changes in plasma ketone-body concentrations. Some transgenic animals were fasted for 24 h and then placed on a chow diet. mRNA levels for hGH increased 10-fold after the 24 h fasting state. Since the increase in transcriptional rate under the same circumstances in normal animals is only 4-fold [16] , this factor suggests that the influence of glucagon (or cyclic AMP) in this promoter may be mediated by a negative regulatory sequence which is not present within the 1148 bp. Upon refeeding of fasted animals, the levels of hGH mRNA declined rapidly (F. G. Hegardt, unpublished work).
We then aimed to test whether insulin could also control the expression of the chimeric gene. Rapid-acting insulin was injected intraperitoneally into 24 h-starved mice and the levels of specific RNA were measured at different times. Insulin caused a time-dependent decrease in mtHMG-CoA synthase mRNA. This effect was already observed 20 min after the injection of insulin, and after 1 h the mRNA values for the hGH from the chimeric gene had returned to the level of animals fed ad libitum It appears that the promoter assayed contains the insulin-responsive element.
Levels of rat mtHMG-CoA synthase mRNA decreased abruptly in the first 12 h after partial hepatectomy, following the same pattern as ketogenesis in liver regeneration [18] . It is noteworthy that CPT I mRNA levels increased at the same time, suggesting that HMG-CoA synthase is a more important control point in ketogenesis than CPT I, at least in regenerating rat liver.
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Figure 3
Developmental changes in mRNA levels of intestinal CPT I, CPT II and mitochondria1 HMG-coA synthase mRNA levels of the three genes obtained by Northern blot were quantitatively determined by densitometric scanning, normalized against y-actin and represented using arbitrary units.
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We also determined the mRNA levels for mtHMG-CoA synthase in intestine of suckling rats. Adult rats do not synthesize ketone bodies nor express this gene in intestine. mRNA levels for intestine mtHMG-CoA synthase from newborn, suckling, weaned and adult rats are shown in Figure   3 [ 191. It appears that mRNA values from newborn rats are low, but at the moment at which suckling begins, there is a net increase in gene expression up to 12 day-old rats. Values then reach a plateau until day 15 and then decrease progressively throughout the suckling period, disappearing completely after weaning (day 21, on which pups were separated from their mothers) and also being absent in adult rat intestine. Figure 3 also shows that the mRNA levels for carnitine palmitoyltransferase (CPT) I follow a pattern similar to the mtHMG-CoA synthase. There is a small difference. When rats are weaned and intestinal ketogenesis does not take place, there is an abolition of the mtHMG-CoA synthase expression and a marked fall in the mRNA levels for CPT I [20, 21] . It seems that the residual expression for CPT I after weaning has a unique role in the transport of fatty acids to fuel the tricarboxylic cycle, after the B-oxidation process.
CPT I1 mRNA levels did not change throughout the suckling period.
All these results are in good agreement with those obtained by BSkSsi and Williamson [22] for intestinal ketogenesis. They showed that during the suckling period the rate of endogenous ketogenesis increased up to the 10th day and then decreased after weaning, to levels of about 1/100 of the maximum rate. The strong correlation between our results and those of ketogenesis suggest that mtHMG-CoA synthase is also a major control point of ketogenesis in the intestine of suckling rats, as it is in liver. It is possible that the molecular mechanism that modulates the expression of mtHMG-CoA synthase in different tissues and in the foetus is the methylation of specific guanines in the proximal part of its promoter [23] . 
Introduction
The presence of carnitine acyltransferase (CAT) activity in rat liver microsomes was first documented in 1976 [ 13. In 1990 Lilly et al. [2] reported that CAT activity in 'intact' microsomes was highly sensitive to inhibition by malonyl-CoA to the extent that approximately 5 pM malonyl-CoA inhibited the activity by 50% and that in many preparations the maximal inhibition achieved was total; i.e. 100%. This malonyl-CoA-sensitive CAT activity was found in both rough and smooth endoplasmic reticulum fractions and was most active with mediumchain-length fatty acyl-CoA substrates, e.g. At that time the possibility of two microsomal CATs had not been considered. Subsequently a CAT activity was purified from rat liver microsomes [6, 7] . SDS/PAGE studies indicated that the subunit M, of this enzyme was 50100 [6] or 53000 [7] and gel filtration indicated a monomeric protein of M, 54300. The purified CAT did not cross-react with an antiserum raised against a peroxisomal CAT or with an antiserum against a liver mitochondrial CAT (presumed to be the inner mitochondrial membrane-associated enzyme CPT 11) [6] . However, unlike the CAT activity that had been observed in 'intact' microsomes [2] this purified microsomal CAT was insensitive to malonylAbbreviations used: CAT, carnitine acyltransferase; CPT, carnitine palmitoyltransferase; I,,,, maximum percentage of inhibition; VLDL, very-low-density lipoprotein. 'To whom correspondence should be addressed.
CoA and etomoxiryl-CoA was only a weak inhibitor [7] . At the time of publication of these findings [6, 7] there was still controversy about the molecular organization of CPT I, the malonyl-CoAinhibitable CAT associated with mitochondrial outer membranes. Several publications had suggested or discussed the possibility that the mitochondrial CPT I consisted of a catalytic polypeptide which was separable from a regulatory polypeptide or malonyl-CoA-sensitivity conferring factor [ 8-141
and we therefore reasoned (wrongly as it turned out) that in the course of purification of what was then believed to be a single microsomal CAT that a regulatory malonyl-CoA binding protein had been removed [3, 4] . The starting point for our study was therefore a search for a microsomal malonyl-CoA binding protein that could regulate the CAT activity. However, it soon became clear that rat liver microsomes contained two distinct CATs; one that was potently inhibited by malonyl-CoA and another that was insensitive to this regulatory metabolite. Furthermore we obtained no evidence for a separable malonyl-CoA binding protein in these membranes. During this study publications from McGany's laboratory [ 15,161 have appeared providing strong evidence that the catalytic and regulatory entities of mitochondrial CPT I are on the same polypeptide.
This report sets out evidence for two distinct microsomal CATs and discusses their possible physiological function.
The presence of two distinct CATs in liver microsomal fractions
